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GATE DIELECTRIC AND METHOD THEREFOR 

Field of the Invention 

5 This invention relates generally to semiconductor processing, and more 

specifically, to gate dielectrics of semiconductors. 

Background 

1 0 In semiconductor processing, a gate electrode lying over a gate dielectric 

is typically formed of polysilicon. The gate electrode is usually doped with 
boron to increase the conductivity of the gate electrode. During subsequent 
processing at temperatures greater than approximately 900 degrees Celsius, the 
boron diffuses through the gate dielectric to an underlying semiconductor 

1 5 substrate, undesirably making the underlying semiconductor substrate more 
conductive. The increased conductivity of the underlying semiconductor 
substrate , which is typically silicon, decreases the performance of a 
semiconductor device. 

Typically, the gate dielectric is silicon dioxide (Si0 2 ). Due to the scaling 

20 of semiconductor devices, however, Si0 2 is being replaced with high dielectric 
constant (high-k) materials, where the dielectric constant is greater than 
approximately the dielectric constant of Si0 2 . Since the high-k materials being 
proposed for the gate dielectric, especially hafnium oxide (Hf0 2 ), are generally 
less amorphous than Si0 2 the high-k materials permit more boron to diffuse 

25 through the high-k material to the semiconductor substrate. Therefore, a need 
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exists for a gate dielectric that has a high dielectric constant and substantially 
prevents boron diffusion from the gate electrode to the semiconductor substrate. 
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Brief Description of the Drawings 

The present invention is illustrated by way of example and is not limited 
5 by the accompanying figures, in which like references indicate similar 
elements. 

FIG. 1 illustrates a cross-sectional view of a semiconductor device 
having a gate electrode, a gate dielectric, a source and a drain in accordance 
with an embodiment of the present invention; 
1 0 FIG. 2 illustrates the gate dielectric of FIG. 1 in accordance with one 

embodiment of the present invention; and 

FIG. 3 illustrates the gate dielectric of FIG. 1 in accordance with another 
embodiment of the present invention. 

Skilled artisans appreciate that elements in the figures are illustrated for 
1 5 simplicity and clarity and have not necessarily been drawn to scale. For 
example, the dimensions of some of the elements in the figures may be 
exaggerated relative to other elements to help improve the understanding of the 
embodiments of the present invention. 
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Detailed Description of the Drawings 
Illustrated in FIG. 1 is a semiconductor or transistor device 10, which is 
part of an integrated circuit, having a semiconductor substrate 12, a gate 

5 dielectric 14 formed over the semiconductor substrate, a gate electrode 1 6 

formed over the gate dielectric 14, spacers 18 adjacent the sidewalls of the gate 
dielectric 14, and a first current electrode 20 and a second current electrode 22 
formed within the semiconductor substrate 12. The semiconductor substrate 12 
can be any semiconductor material such as silicon, silicon germanium, gallium 

10 arsenide, and the like. Additionally, the semiconductor substrate 12 can be a 
silicon layer of a semiconductor on insulator substrate (SOI). 

The gate electrode 16 can be a metal, a metal comprising material, or 
silicon and, preferably, is polysilicon. The spacers 18 on either side of the gate 
electrode 16 can be any shape and any insulating material. For example, the 

1 5 spacers 1 8 can be silicon nitride. The spacers 1 8 are used to isolate the gate 
electrode 16 from the subsequently formed interlayer dielectric material (ILD) 
formed over the gate electrode 16 and as a mask for implanting portion of the 
first current electrode 20 and second current electrode 22. Hence, portions of 
the first current electrode 20 and second current electrode 22 lie underneath the 

20 spacers 1 8. The first current electrode 20 and the second current electrode 22 
are doped regions and are doped with the same conductivity so that a channel 
2 1 forms between them when voltage is applied to the semiconductor substrate. 
In one embodiment, the first current electrode 20 is a source and the second 
current electrode 22 is a drain. In another embodiment, the first current 

25 electrode is a drain and the second current electrode 22 is a source. 
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The gate electrode 16, the spacers 18, the first current electrode 20 and 
the second current electrode 22 can be formed by using any conventional 
process known to a skilled artisan. 

The gate dielectric 14 is a stack of dielectric materials. As shown in FIG. 
5 2, in one embodiment, the gate dielectric 14 is a stack of a first dielectric 24 and 
a second dielectric 26, where the first dielectric 24 is adjacent the gate electrode 
16 and the second dielectric 26 is adjacent the channel 21 between the first 
current electrode 20 and the second current electrode 22. The first dielectric 24 
and the second dielectric 26 are high-k metal oxide materials. In one 
1 0 embodiment, the first dielectric 24 and the second dielectric 26 are substantially 
pure metal oxide so that the majority or bulk of the first dielectric 24 and 
second dielectric 26 is a metal oxide. In all the embodiments described below, 
the materials listed can be substantially pure. For example, substantially pure 
Hf0 2 (hafnium oxide), substantially pure Zr0 2 (zirconium oxide), or 
1 5 substantially pure A1 2 0 3 (aluminum oxide) can be used when Hf0 2 , Zr0 2 , 
A1 2 0 3 , respectively, is used below. 

In a first embodiment, the first dielectric 24 and the second dielectric 26 
are different materials and the first dielectric 24 or the second dielectric 26 is 
Hf0 2 and the other dielectric has a dielectric constant with a modest high 
20 dielectric constant value, such as Zr0 2 , BaO, La 2 0 3 and Y 2 0 3 . (Hf0 2 also has a 
modest high dielectric constant value of approximately 25.) In one 
embodiment, the first dielectric 24 is Hf0 2 and the second dielectric 26 is Zr0 2 . 
In another embodiment, the first dielectric 24 is Zr0 2 and the second dielectric 
26 is Hf0 2 . It is preferable to have the first dielectric 24 be Hf0 2 and the 
25 second dielectric 26 is Zr0 2 , because Zr0 2 reacts to form a silicide with 

polysilicon but not with the semiconductor substrate if it is a semiconductor 
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material other than polysilicon. Since Hf0 2 and Zr0 2 have grain boundaries 
that misalign with each other, if boron diffuses through the first dielectric 24 the 
boron will not have a path to travel from the first dielectric 24 to the second 
dielectric 26. Thus, the boron does not diffuse into the semiconductor substrate 
5 12. 

The first dielectric 24 and the second dielectric 26 can be formed by 
chemical vapor deposition (CVD), physical vapor deposition (PVD), atomic 
layer deposition (ALD), the like and combinations of the above. In one 
embodiment, the gate dielectric 14 is formed by thermally annealing the second 

1 0 dielectric 26 prior to deposition of first dielectric 24. The thermal annealing can 
be performed in an ambient including nitrogen, oxygen, the like, or 
combinations of the above, at temperatures from approximately 600 to 1,100 
degrees Celsius. The anneal time may be between approximately 3 to 60 
seconds. In another embodiment, the gate dielectric 14 can be formed by 

1 5 decoupled plasma nitridation (DPN) of the second dielectric 26 prior to 

deposition of the first dielectric 24 at a low temperature, which is approximately 
50 to 300 degrees Celsius. 

In one embodiment, the Hf0 2 and the Zr0 2 are the same physical 
thickness and are approximately 20 Angstroms or less in physical thickness. In 

20 a second embodiment, the first dielectric 24 and the second dielectric 26 are 
different materials and the first dielectric 24 or the second dielectric 26 is Hf0 2 
and the other dielectric has a dielectric constant with a dielectric constant value 
that is greater than that of Si0 2 and less than that of Hf0 2 or a modest dielectric 
constant (a small high dielectric constant value). For example, A1 2 0 3 , which 

25 has a dielectric constant of approximately 9, can be used. In one embodiment, 
the first dielectric 24 is A1 2 0 3 and the second dielectric 26 is Hf0 2 . The A1203 
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can be formed by any of the methods described for forming Hf0 2 . In a 
preferred embodiment, the A1 2 0 3 is formed by ALD and the Hf0 2 is formed by 
CVD, or more specifically metal organic CVD (MOCVD). Since ALD allows 
for the deposition of thin layers of materials, in the preferred embodiment, the 

5 Hf02 is substantially at least twice as thick as the A1 2 0 3 . In another 
embodiment, one monolayer of A1 2 0 3 is deposited by ALD. 
Since the A1 2 0 3 has a lower dielectric constant than Hf0 2 , it is desired to 
minimizing the thickness of the A1 2 0 3 in order to make the dielectric constant 
of the gate dielectric 14 as high as possible. In other embodiment, the first 

1 0 dielectric 24 is Hf0 2 and the second dielectric 26 is A1 2 0 3 . 

A1 2 0 3 changes from amorphous to polycrystalline or crystalline at 
temperatures greater than or equal to 1000 degrees Celsius and Zr0 2 crystallizes 
at temperatures greater than or equal to 350 degrees Celsius. Since A1 2 0 3 is 
deposited as an amorphous material and the subsequent heating does not change 

1 5 the amorphous state, the A1203 remains amorphous. In other words, 

processing of the semiconductor device 10 is performed at sufficiently low 
temperatures to prevent crystallization of the A1 2 0 3 . 

Since amorphous structures prevent diffusion, boron diffusion from the 
gate electrode 16 is minimized by having an amorphous structure in the gate 

20 dielectric 14. A1 2 0 3 also prevents or mitigates the problem of the poly silicon 
used for the gate electrode 14 regrowing during subsequent processing. 

In the embodiment where either the first dielectric 24 or the second 
dielectric 26 is Zr0 2 , the Zr0 2 may be deposited as amorphous, but during 
subsequent process the Zr0 2 will most likely change from an amorphous state 

25 to a polycrystalline or crystalline state. 
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Other stacked structures can be used to form the gate dielectric 14. An 
alternative gate dielectric 14', which has three dielectric materials, two of which 
can be the same but are not in contact with each other. As shown in FIG. 3, the 
alternative gate dielectric 14' has a third dielectric 28 formed over a fourth 

5 dielectric 30, and the fourth dielectric 30 is formed over a fifth dielectric 32. 
The third dielectric 28 is adjacent the gate electrode 16 and the fifth dielectric 
32 is adjacent the channel 21 formed by the first current electrode 20 and the 
second current electrode 22. The third dielectric 28, the fourth dielectric 30, 
and the fifth dielectric 32 are metal oxide materials. In one embodiment, the 

1 0 third dielectric 28, the fourth dielectric 30 are substantially pure metal oxide. 

In one embodiment, the alternative gate dielectric 14' is preferably less 
than approximately 20 Angstroms in electrical thickness. In other words in this 
embodiment, the alternative gate dielectric 14' has a thickness that is 
electrically equivalent to less than approximately 20 Angstroms of Si0 2 . The 

1 5 fourth dielectric 30 is the bulk dielectric, meaning that the largest contribution 
to the dielectric constant of the alternative gate electrode 14' comes from the 
fourth dielectric 30. In one embodiment, the third dielectric 28 and the fifth 
dielectric 32 are at least one monolayer in thickness and the fourth dielectric 30 
is at least twice as physically thick as each of the third dielectric 28 and the fifth 

20 dielectric 32. 

In a preferred embodiment, the third dielectric 28 and the fifth dielectric 
32 are the same material. In one embodiment, the third dielectric 28 and the 
fifth dielectric 32 are Zr0 2 or Hf0 2 and the fourth dielectric 30 is Hf0 2 or Zr0 2 
and different than the third dielectric and the fifth dielectric 32. In another 

25 embodiment, the fifth dielectric 32 is A1 2 0 3 , the fourth dielectric 30 is Hf0 2 and 
the third dielectric 28 is either A1 2 0 3 or an oxynitride, such as silicon nitride. 
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Both the third dielectric 28 and the fifth dielectric 32 can serve as barrier 
layers for diffusion of boron, as should be appreciated from the above 
discussion, and other elements. For example, if the fifth dielectric 32 is A1 2 0 3 , 
the A1 2 0 3 will prevent or minimize oxygen diffusing from Hf0 2 , which is the 

5 fourth dielectric 30, to the semiconductor substrate 12 and oxidizing the 

semiconductor substrate 12. Oxidation of the semiconductor substrate 12 can 
be undesirable because, for example, if the semiconductor substrate 12 is silicon 
a thick silicon dioxide layer can be formed on the semiconductor substrate 12 
and decrease the overall dielectric constant of the alternative gate dielectric 14'. 

1 0 In the embodiment where the third dielectric 28 and the fifth dielectric 32 

are Hf0 2 and the fourth dielectric 30 is Zr0 2 , the Hf0 2 is in contact with all 
silicon, if present in the gate electrode 16 and the semiconductor substrate 12. 
Therefore, the undesirable interaction between Zr0 2 and polysilicon is 
prevented. 

1 5 In another embodiment, the alternative gate dielectric 14' can have a 

dielectric constant with a graded profile. For example, the third dielectric 28 
can be Hf0 2 , the fourth dielectric 30 can be HfSiO and the fifth dielectric 32 
can be Si02. All materials can be formed by CVD, PVD, ALD, the like, or 
combinations of the above. 

20 By now it should be appreciated that there has been provided gate 

dielectrics which prevent or minimize boron diffusion and have dielectric 
constants greater than that of silicon dioxide. 

Because the apparatus implementing the present invention is, for the 
most part, composed of electronic components and circuits known to those 

25 skilled in the art, circuit details will not be explained in any greater extent than 
that considered necessary as illustrated above, for the understanding and 
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appreciation of the underlying concepts of the present invention and in order 
not to obfuscate or distract from the teachings of the present invention. 

In the foregoing specification, the invention has been described with 
reference to specific embodiments. However, one of ordinary skill in the art 

5 appreciates that various modifications and changes can be made without 
departing from the scope of the present invention as set forth in the claims 
below. For example, silicon dioxide (a native oxide) may be present under 
either the second dielectric 26 or the fifth dielectric 32 if the semiconductor 
substrate 12 includes silicon and is exposed to an environment having oxygen 

1 0 after formation of the top surface of the semiconductor substrate 1 2 and 
formation of either the second dielectric 26 or the fifth dielectric 32. If the 
native oxide is inherently formed is approximately less than 12 Angstroms. The 
thickness of the native oxide may increase due to subsequent semiconductor 
processing. Additionally, other dielectric materials can be used, preferably in 

1 5 conjunction with Hf02, in the gate dielectric 1 4 and the alternative gate 
dielectric 14'. Also, the same dielectric material can be used for the gate 
dielectric 14 in FIG. 2. By changing the deposition processes for forming the 
first dielectric 24 and the second dielectric 26 and/or by breaking vacuum 
between depositing the first dielectric 24 and the second dielectric 26 will result 

20 in the first dielectric 24 and the second dielectric 26 having misaligned grain 
boundaries. As previously explained, misaligned grain boundaries prevent or at 
least minimize diffusion of elements, such as boron. Accordingly, the 
specification and figures are to be regarded in an illustrative rather than a 
restrictive sense, and all such modifications are intended to be included within 

25 the scope of the present invention. 
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Although the invention has been described with respect to specific 
conductivity types or polarity of potentials, skilled artisans appreciated that 
conductivity types and polarities of potentials may be reversed. 

Moreover, the terms front, back, top, bottom, over, under and the like in 
5 the description and in the claims, if any, are used for descriptive purposes and 
not necessarily for describing permanent relative positions. It is understood that 
the terms so used are interchangeable under appropriate circumstances such that 
the embodiments of the invention described herein are, for example, capable of 
operation in other orientations than those illustrated or otherwise described 
10 herein. 

Benefits, other advantages, and solutions to problems have been 
described above with regard to specific embodiments. However, the benefits, 
advantages, solutions to problems, and any element(s) that may cause any 
benefit, advantage, or solution to occur or become more pronounced are not to 

1 5 be construed as a critical, required, or essential feature or element of any or all 
the claims. As used herein, the terms "comprises," "comprising," or any other 
variation thereof, are intended to cover a non-exclusive inclusion, such that a 
process, method, article, or apparatus that comprises a list of elements does not 
include only those elements but may include other elements not expressly listed 

20 or inherent to such process, method, article, or apparatus. 
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